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FOREWORD 
The l a t e n t  power o f  mass spectrometry f o r  u l t ramicroanalysis i s  w ide ly  
recognized, but  has on ly  begun to be app l ied  t o  biochemical problems, 
e.g., sequence analys is  o f  proteins. Our labora tory  i s  engaged i n  a 
program of  comprehensive automation, under computer control, o f  analy- 
t i c a l  systems. I n  a pre l iminary s tudy . to  provide i ns igh t  i n t o  opera- 
t i o n a l  problems fo r  computer control, Miss Mar t i n  has co l l ec ted  a 
comprehensive se t  o f  spectra o f  amino acids, as observed w i t h  s o l i d  
samples i n  the Bendix t ime-o f - f l i gh t  instrument. One o f  the most  
important problems o f  data acquisit ion, the c a l i b r a t i o n  o f  mass numbers, 
has on ly  begun t o  be handled by the  computer system a t  t h i s  stage o f  
development, and the assignments given here must be regarded as tenta- 
t ive.  Furthermore, no attempt was made t o  assess the u l t ima te  sensi -  
t i v i t y  o f  the assay. Nevertheless, these data show the p o t e n t i a l i t i e s  
o f  the technique, espec ia l l y  when the d i s t i n c t i v e  temperature character- 
i s t i c s  o f  each amino ac id  a re  considered. 
This work has been supported j o i n t l y  by National Aeronautics and Space 
Admin is t ra t ion  grant  no. NsG 81-60, National l n s t i  t u t e  o f  Neurological 
Diseases and B1 indness grant  no. NB-04270, and A i r  Force grant no. AF- 
AFOSA-886-65. 
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I. In t roduc t ion  
A. Ex i s t i ng  Frac t ionat ion  and I d e n t i f i c a t i o n  Techniques f o r  the  
Amino Acids (Excluding Mass Spectrometry) 
There are many e x i s t i n g  techniques f o r  the  f r a c t i o n a t i o n  and i d e n t i f i -  
c a t i o n  o f  amino acids. An excel lent  review o f  the current  s ta te  o f  the 
f i e l d  may be found i n  "The Proteins," Vol. I, Chap. I, by L i g h t  and 
Smith, ed i ted  by Neurath, Academic Press, New York, 1963, pp. m-32. 
Progressing from the ea r l y  f rac t i ona t  
e 1 egant, automated sys tems u t  i 1 i z i ng 
SUI fonated polystyrene types) fo r  the 
chromatography as an ana ly t i ca l  techn 
on on potato s tarch t o  the present 
on exchange resins (usua l ly  o f  the 
separat ion o f  amino acids, column 
que f o r  amino acids has now become 
the method o f  choice. Recent developments i n  the s ta te  o f  the a r t  have 
produced analys is  times o f  about two hours and s e n s i t i v i t i e s  below 10 
nanomoles f o r  any o f  the members o f  a mixture: i t  i s  considered feas ib le  
t h a t  w i t h i n  the next year, the former value w i l l  be reduced by one h a l f  
and the l a t t e r  by one fourth.  
The separat ion o f  the 2-4-dinitrophenyl as we1 1 as the phenyl thiocarbo- 
mate der iva t ives  of  the amino acids by ccrlumn chromatography Is also 
common. Separation, a1 though less q u a n t i t a t i v e  precision, i s  obtained 
by chromatography on paper and th in - layer  media. The times involved 
may be anywhere from fo r ty -e igh t  hours fo r  the f r e e  amino acids t o  about 
four  hours f o r  e i t h e r  f ree  amino acids or t h e i r  der iva t ives  on ce l l u lose  
acetate i n  a two-dimensional chromatographic e lec t rophore t ic  separation. 
The P T C  amino acids and the DNP amino acids have been separated by paper 
chromatography. 
u t i l i z i n g  Hz DNP:C'b amino acids i n  which quan t i t i es  o f  less than 0.4 
nanomol e are detected. 
Perhaps the greatest sensi t i v i  t y  i s  obtained by a scheme 
Vapor phase chromatographic schemes have been reported f o r  a large number 
o f  amino ac id  der ivat ives.  In these systems, i t  Is necessary t o  block 
one or both o f  the reac t ive  s i tes i n  order to suppress t h e i r  z w i t t e r i o n  
proper t ies  and usua l ly  t o  at tach a rad ica l  to lower the vapor pressure 
2. 
. 
o f  the compounds. The fo l low ing  der iva t ives  represent on l y  some o f  those 
used w i t h  some success i n  gas chromatography: conversion t o  the alde- 
hydes w i t h  n lnhydr in;  decarboxylat ion t o  the amines; conversion t o  the 
methyl o r  e thy l  esters  w i t h  methyl o r  e thy l  a lcohol -hydrochlor ic  ac id ;  
format ion of  the doubly subst i tu ted N-alkyl and carboxyl esters ;  the 
N-acetyl, n-amyl esters;  the t r i m e t h y l s i l y l  ethers o r  esters;  the t r i -  
f louroacety l  der iva t ives ;  and the t r i f l ou roace ty l ,  methyl o r  e thy l  esters. 
S e n s i t i v i t i e s  reported f o r  the detect ion o f  the N-acetyl, n-amyl esters  
and the DNP der iva t ives  (us ing an e lec t ron  capture detector)  are o f  the 
order  o f  0.1 nanomole. 
There are microbio log ica l  assays f o r  the amino acids which have been i n  
use f o r  many years, but  these are among the m s t  tedious and lengthy o f  
a l l  the techniques. 
c 
. 
. 
3. 
B. Mass Spectrometric Invest igat ions o f  the Amino Acids 
Many attempts have been reported i n  which amino acids o r  t h e i r  der iva t ives  
have been subjected t o  mass spectrometric invest igat ion.  
o f  the work i n  t h i s  f i e l d  may be found i n  "Mass Spectrometry o f  Organic 
Ions" by Biemann, ed i ted  by McLafferty, Academic Press, New York, 1963, pp. 
A recent review 
529- 596 
O f  the work on ind iv idua l  f ree amino acids, t ha t  by Junk and Svec i n  
J.A.C.S. 5, 839 (1963) i s  most complete. They repor t  ( p a r t i a l )  i n f o r -  
mation on the mass spectra o f  15 alpha amino acids. Biemann, Seibl  and 
Gapp i n  Biochem. and Biophys. Res. Comm., I, 307 (1959) have pub1 ished 
the resu l t s  o f  the mass spectrometry o f  20 o f  the e thy l  esters  o f  amino 
acids ( i nc lud ing  the e thy l  ester o f  gamma-amino b u t y r i c  acid). I n  1962, 
Teeter reported the mass spectra o f  13 t r i m e t h y l s i l y l  esters  o f  the amino 
acids (A.S.T.M. Committee E-14). I n  none o f  these repor ts  ( o r  any others 
I have been able t o  f i n d )  i s  any ana ly t i ca l  scheme proposed f o r  complete 
mixtures o f  the class. 
Junk and Svec have reported elsewhere (Anal. Chem. Acta 28, 164 (1963) 
on mass spectrometric i d e n t i f i c a t i o n  o f  mixtures o f  small numbers o f  f ree  
amino acids. Biemann and Vetter, i n  Biochem. and Biophys. Res. Comm. 1 1 ,  
93 (ISO), determined, w i t h  reasonable quan t i t a t i on  (+ - 55 o f  theory), the 
composition o f  syn the t ic  mixtures o f  amino ac id  e thy l  esters, the most 
members i n  any mixture being ten. 
Some work has been dme w i t h  small peptides, notably tha t  o f  Junk and 
Svec on a la rge  number o f  f ree  dipeptides, publ ished i n  Anal. Biochem. 6:  
199 (1963). A paper has recent ly appeared by Barber, Jol les, V i lkas and 
Lederer, i n  Biochem. and Biophys. Res. Comm. 2: 469 (1965) i n  which they 
repo r t  the stunning accomplishment o f  a whole s t ruc tu re  and sequence d e t e r  
minat ion f o r  ' I fo r tu i t ine" .  This i s  a natura l  p e p t i d o l i p i d  (M-1359) o f  n ine 
amino ac id  residues; i t  was determined as the acyl nonapeptide methyl 
ester .  
ana lys is  suggested by the name of t h i s  compound, the descr ip t ion  o f  the 
experimental resu l t s  i s  one o f  the n i ces t  th ings s ince i n s u l i n ' s  sequence 
Despite the lack o f  fu ture success i n  mass spectrometric sequence 
t 
4. 
was f i r s t  reported. 
I n  the course o f  an unsuccessful attempt t o  o b t a i n  the mass spectra o f  
the PTC amino acids, introduced as so l ids  i n t o  the Bendix t i m e - o f - f l i g h t  
mass spectrometer, I decided to  look a t  the f r e e  amino acids. The f a c t  
t h a t  t h e i r  vapor pressures are higher than the PTC amino acids, t h a t  no 
conversion steps are necessary for  thei-r  invest igat ion,  and that  some 
work had already been published by Junk and Svec made the p o s s i b l l i t y  o f  
t h e i r  systematic analys is  q u i t e  a t t r a c t i v e .  
i 
. 
I I .  Mater ia ls  Used i n  t h i s  Inves t iga t ion  
Whenever possible the f r e e  amino acids were employed. 
hydrochlor ide and/or hydrate form resu l ted  I n  an apparent depression o f  
the  t r a n s i t i o n  temperature o f  the amino acid, as we l l  as a marked increase 
i n  the decomposition products i n  the spectrum; i n  some cases, on l y  ions 
o f  the m/e 14 t o  32 range and of the m/e 35 t o  38 ( f rom C I )  appeared i n  
any s i g n i f i c a n t  abundance above the background spectrum. 
The use o f  the 
I n  most cases the amino acids used were e i t h e r  C a l i f o r n i a  Biochemical 
Products' or N u t r i t i o n a l  Biochemical Company's "A" grade o r  "Reagent" 
grade. 
ment o f  any k ipd  before the mass spectrometric analysis. 
In  no case was a sample subjected t o  f u r t h e r  p u r i f i c a t i o n  
One t o  two mi l l ig rams o f  material was more than s u f f i c i e n t  t o  obta 
spectrum f o r  any o f  the compounds investigated. 
r t reat -  
n a  
6.  
I I I .  Experimental Conditions 
A. Descr ip t ion  o f  the System 
A Bendix t i m e - o f - f l i g h t  mass spectrometer, Model 12-10'7, was used through- 
ou t  the invest igat ion.  
tube. A Bendix, Model &3A, s o l i d  sample i n l e t  system was used, which 
permits the sample to be inserted d i r e t t l y  i n t o  the source t o  a distance 
o f  5 mm. from the i on i z ing  e lec t ron  beam; i t  i s  constructed so t h a t  the 
sample c r u c i b l e  may be heated during an experiment and the temperature 
monitored continuously. An analog scanner, suppl ied by Bendix, enables 
the  h igh  data r a t e  a t  the detector (which i s  o f  the order o f  50 megacycles) 
t o  be reduced s u f f i c i e n t l y  so that  the output may be appl ied t o  a con- 
ventional s t r i p  char t  recorder o r  t o  an ana log- to -d ig i ta l  converter f o r  
on - l i ne  evaluat ion by a d i g i t a l  computer. The output o f  the detector, 
a c rossed- f ie ld  Wiley e lec t ron  mu l t i p l i e r ,  was monitored continuously 
by means o f  a Hewlett-Packard, Model 462A, pulse a m p l i f i e r  (which have 
7 nanosecond r i se t ime  and a bandpass t o  50 megacycle). 
poss ib le  t o  observe a t  what temperature sample ions began t o  a r i s e  and 
what mass spect ra l  changes occurred w i t h  increasing temperature. 
The instrument was equipped w i t h  a 180 cm. d r i f t  
Thus, i t  was 
4 
6. Experimental Conditions 
I n  the i nves t i ga t i on  o f  the free amino acids the mass spectrometer was 
operated w i t h  both a pulsed e lec t ron  beam and a pulsed ion  beam. 
bas ic  frequency, i. e. the r e p e t i t i o n  rate, was IO k i  locycles, a corn- 
p l e t e  spectrum being produced every 100 micmseconds. 
beam was operated a t  70 elect ron volts, the current  regulated a t  0.25 
microamperes and the beam admitted t o  the i on i z ing  reg ion f o r  0.25 micro- 
seconds o f  each cycle. Immediately a f t e r  the e l c t r o n  pulse, the ions 
formed were admitted t o  the accelerat ing region which was maintained a t  
-2.8 k i l o v o l t s .  The pressure i n  the system dur ing a run was maintained 
a t  about 10 
ref r igerated,  o p t i c a l l y  dense, b a f f l e  placed above the mercury d i f f u s i o n  
pump* 
The 
The e lec t ron  
-6 
mm Hg by means of  a l i q u i d  n i t r o g e n - f i l l e d  t rap  and a 
C. Thermal Reactions o f  the Free Amino Acids i n  Vacuo 
A t  the pressures ob ta in ing  i n  the source o f  the mass spectrometer, the 
f ree  amino acids examined pass to the gaseous s t a t e  beginning a t  about 
40°C and extending beyond 6oO0c. Some o f  the amino acids, when heated 
over a broad range o f  temperature cont inue t o  evolve from the s o l i d  t o  
the gaseous s t a t e  i n  a cont ro l lab le  manner; others, i n  response t o  a 
small temperature increment, suddenly "explode" from the crucible,  i n  
ra ther  v i o l e n t  and uncontro l lab le exothermic reactions. 
sions" have almost always resul ted i n  various source elements, pa r t i cu -  
l a r l y  the repe l l e r  and the i on  grids, becoming v i s i b l y  coated w i t h  sample. 
This causes a serious reduct ion i n  the reso lv ing  power of  the spectrometer, 
as wel l  as spurious informat ion about the t r a n s i t i o n  temperature o f  the 
sample. Frequently, the sample charge was completely exhausted by the 
"explosion". I t  was sometimes possible t o  c lean o f f  the source elements 
by merely heat ing the probe t ip ,  i n  s i tu,  f o r  an hour o r  so a t  4 0 0 ° C  o r  
more, but t h i s  was not always s u f f i c i e n t  t o  remove the contamination. I n  
these cases, the source had to  be e i t h e r  removed and chemical ly cleaned 
o r  the e n t i r e  system submitted to a baking treatment. 
These "explo- 
The problem described above could be avoided i n  several ways. I n  the case 
o f  a tompound whose "vo la t i l i za t i on "  proper t ies a re  unknown, a ser ies o f  
smal 1 temperature increments (separated by per iods dur ing which the tem- 
perature s t a b i l i z e s )  i s  employed, u n t i l  the spectrum begins t o  show con- 
t r i b u t i o n s  from the sample. 
One might const ruct  a f a i r l y  simple apparatus which would a l low deter-  
minat ion o f  the t r a n s i t i o n  temperature o f  an unknown compound. I t  could 
cons is t  o f  a vacuum envelope o f  r e l a t i v e l y  small volume w i t h  a valve f o r  
i s o l a t i o n  o f  the system a f t e r  i t  had been pumped t o  a pressure o f  about 
one micron o f  mercury, o r  less. 
heat ing f i lament  surrounding a sample c r u c i b l e  and a thermocouple probe 
fo r  temperature measurement, s im i la r  t o  the t i p  o f  the e x i s t i n g  Bendix 
8 4 3  probe. A thermocouple gauge might be located above the c ruc ib le  i n  
order  t o  monitor both the pressure i n  the i so la ted  system (before the 
Wi th in  the envelope might be placed a 
sample was heated) and also the increase i n  pressure which would r e s u l t  
from sample molecules evolv ing i n to  the gas phase a t  the appropr ia te 
temperature. This system would not requ i re  large amounts o f  sample, 
would not requ i re  the operat ion o f  the mass spectrometer, would not 
requ i re  an elaborate pumping system and 
t ime present ly  necessary t o  obta in  mass 
sampl es . 
A1 ternat ive ly ,  i f  there were a contro l  
would c e r t a i n l y  reduce the 
spectrometr ic data f o r  so l  i d  
oop establ  ished between the 
detector  (measuring changes i n  t o t a l  mu1 t i p 1  i e r  current, f o r  example) and 
the  va r iab le  transformer which dr ives the sample c r u c i b l e  oven, the time 
required t o  b r i n g  a sample to the proper temperature might be considerably 
reduced. 
A t  the present time, i t  may take twenty minutes t o  two hours t o  a t t a i n  
the appropr iate temperature f o r  an unknown compound w i t h  the manually 
con t ro l l ed  heat source (whose time-constant seems t o  be q u i t e  large). If, 
however, the t r a n s i t i o n  temperature o f  the sample Is known, i t  i s  poss ib le  
t o  approach the appropr iate temperature i n  f a i r l y  la rge  increments and then 
t o  s lowly  a t t a i n  i t  from s l i g h t l y  below the f i n a l  temperature. I n  e i t h e r  
case, i t  i s  necessary t o  control  the sample temperature, thus the sample 
pressure i n  the source, w i t h  some care wh i le  recording a spectrum. 
D. D i f f e r e n t i a l  Temperature Analysis 
The fac t  tha t  the various f ree  amino acids examined e x h i b i t  such a wide 
range o f  temperatures a t  which they pass i n t o  the gas phase should make i t  
poss ib le  t o  d i s t i ngu ish  among those whose mass spectra are q u i t e  s imi lar .  
The p o s s i b i l i t y  o f  d i f f e r e n t i a l  temperature analys is  o f  the f ree  amino 
ac ids i n  the mass spectrometer w i l l  be discussed a t  length i n  the body o f  
t h i s  report.  
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IV. Fragmentation Patterns o f  the Amino Acids i n  the Mass Spectrometer 
B. Fragmentation o f  the Individual Amino Acids 
1. Monoamino-monocarboxyl Acids 
a. Al iphat ic  acids 
1 )  Glycine: M.Wt. = 75: Recording Temperature = 90' C 
n, ,,,) n 
t /,e 
Structure: H-$-C, 
6w w 
Spectrum Anal ys i s : 
S i gni f i cant Peaks $ Abundance Structure o f  Code - 
m/e 
75 
30 
of Base Peak FJaggen t 
r' 4 
6 M - f - k *  * M 
100 
10. 
G 1  yci ne - continued: 
I dent i f y  i ng Peaks : 
The r a t i o  o f  m/e 30/31 o f  lo@/% i s  the most unique feature of the 
spectrum o f  glycine a t  90' C. 
2) Alanine 
Structure: 
Spectrum Analysis: 
S igni f icant  Peaks 
m/e 
44 
29 
I dent i f y i ng Peaks : 
M.Wt. = 89: Recording Temperature = 
$ Abundance Structure o f  
of Base Peak 
1 00 
ti 
1 1 .  
0 9 O  c 
too 
10 
a0 
70 
b0 
so 
40 
30 
Zb 
IO 
0 
Code 
M-45, Bpk. 
The fac t  that  no other amino acid investigated has as large an d e  44 
a t  109' C makes th is  the ident i fy ing peak f o r  alanine. 
12. 
3) Valine: M.Wt. - 117: Recording Temperature = 81' C 
Structure: 
Spectrum Analysis: 
S igni f icant Peaks 
m/e 
75 
74 
72 
L 
$ Abundance Structure o f  Code 
o f  Base Peak 
I4 
+$ - 28 
n 
100 M-45, Bpk. 
Valine - continued: 
I dent i f y i ng Peaks : 
The ident i fy ing peak for va l ine  i s  m/e 72 a t  81' C. 
4) Leucine 
D 
Structure: 
Spectrum Analysis: 
S igni f icant  Peaks 
m/e 
87 
06 
75 
74 
M.wt. = 131 
14. 
Recording Temperature = 80' C 
I 4 
Leucine - continued: 
Spectrum Anal ys i s : 
S i g n i f i c a n t  Peaks 
m/e 
58 
57 
44 
43 
I dent i f y  i ng Peaks : 
The abundance o f  the m/e 86 ion a t  a temperature below 100' C d is -  
t inguishes leuc ine from every other amino ac id  bu t  isoleucine. Leucine 
may be d is t inguished from isoleucine by i t s  l a rge r  m/e 44 ion  a t  t h i s  
temperature (80' C )  and by the f a c t  t ha t  the leuc ine spectrum degenerates 
as the sample temperature i s  increased whereas iso leuc ine remalns s tab le  
up t o  looo c. 
5 )  Isoleucine: H.Wt. I 131: 
30 
26 
I O  
\ 
Structure: 
Spectrum Analysis: 
S igni f icant  Peaks 
m/e 
87 
86 
75 
74 
16. 
Recording Temperature = 83' C 
n 
$ Abundance Structure o f  
o f  Base Peak Wmen wnl 
7 M - $ - $ - F - f : - M -  
M MB-C-W r( 
100 
Code 
(M-45) + H 
M-45, Bpk. 
p P + H  
=x B 
Isoleucine - contlnued: 
Spectrum Analysis: 
57 
30 
29 
44 
I d e n t i f y i n g  Peaks: 
Code 
o c x g + H  
S l gn i  f ican t  Peaks Abundance Structure o f  
m/e o f  Base Peak Fregmen t 
y y v  
58 8 M-C- Y"9-M 
A n M-q-H 
n 
w , ' t ' :  
r - f . - C - C +  S e x &  
A 
I I  
36 
w y-c-w 
M M  ' . I  
B x y + H  37 M.C-C-M 
$ 4  
The abundance o f  the m/e 86 ion a t  a temperature below 100" C d i s t i n -  
guishes isoleucine from every other amino ac id  but leucine. Isoleucine 
may be d is t inguished from leucine by i t s  smaller, almost negl igible, 
m/e 44 peak a t  t h i s  temperature (83' C) and by the f a c t  t h a t  the iso- 
leuc ine spectrum remains stable up to  100 C whereas leuc ine appears t o  
degenerate above about 85' C. 
0 
18. 
b. Aromatic Amino Acids 
1 )  Phenylalanine: M.Wt. = 165: Recording Temperature I 75' C 
Structure: - c- c-e 
I I .ow n w  Spectrum Analysis: 
S igni f icant  Peaks 8 Abundance Structure o f  Code 
m / e  o f  Base Peak Fragment 
165 
120 
103 
5 see above M 
8 
Phenylalanine - continued: 
Spectrum Anal ys i s : 
Signi f icant  Peaks $ Abundance Structure o f  Code 
mle o f  Base Peak Fragment 
n 
92 
91 
77 
74 
I dent i fy i ng Peaks : 
18 
57 
10 
0 - F .  T 
W 
The peak a t  m/e 120 is unique to phenylalanine. 
lob 
90 
80 
70 
% bo 
10  
$0 
30 
20 
IO 
Al 
20. 
Tyrosine: M.Wt. - 181: Recording Temperature = 136' C 
Spectrum Anal ys i s : 
Signi f icant  Peaks $ Abundance Structure o f  
m/e of  Base Peak Fragment 
181 5 see above 
108 
Code 
M 
M-45 
21. 
Tyros I ne - contf nuad: 
Spectrum Anal ys I s : 
Significant Peaks $ Abundance Structure o f  Code 
m/e of Base Peak Fragment 
100 
Identifying Peaks: 
The peak at m/e lw 1s unique to tyrosine. 
1. 
22. 
3) Tryptophane: M.Wt. .I 204: Recording Temperature = 108' C 
Structure: 
Spectrum Anal ys i s: 
Sign i f icant  Peaks 
m/e 
204 
159 
131 
4.m.U. 
$ Abundance Structure o f  
o f  Base Peak Fragment 
5 see above 
Code 
M 
10 
N 
n 
Tryptophane - continued: 
Spectrum Anal ys i s : 
Signi f icant  Peaks $ Abundance Structure o f  
d e  of Base Peak F ra  %me n t 
130 
77 9 
M w 
Code 
Ocx Bpk* 
I 
7 x b + H  
n 
I dent i f y  i ng Peaks: 
The peak a t  m/e 130 i s  unique to tryptophane. 
24. 
c. fl-hydroxy-asami no acids 
1 )  Serine: M.Wt. - 105: Recording Temperature - 126' C 
Structure: 
Spectrum Anal ys I s: 
S i gni f I cant Peaks 
m/e 
75 
$ Abundance Structure o f  Code 
o f  Base Peak r.fi,w Fragment 
74 
60 
5 
9 
n-45 
I:: 
25 
Serine - continued: 
Spectrum Analysis: 
S igni f icant  Peaks $ Abundance Structure o f  
m/e o f  Base Peak Fragment 
31 4 '$ n o m e +  
Code 
* x  B 
I dent i f y i ng Peaks : 
The peak a t  m/e 60 appearing a t  126OC may serve to i d e n t i f y  serine. 
26. 
2) Threonine: k W t .  - 119: Recording Temperature I l 0 9 O C  
Structure: 
Spectrum Analysis: 
S 1 gni f i cant Peaks 
m/e 
119 
$ Abundance Structure o f  
o f  Base Peak Fragment 
Code 
M 1 see above 
90 see page 27 75 
74 II II II 29 g x  8, or  M-45 
I 1  II 11 90 57 
Threonine - cont i nued: 
Spectrum Analysis: 
S igni f icant  Peaks 8 Abundance Structure o f  Code 
m/e o f  Base Peak Fragment 
45 32 see be 1 ow a x  e 
29 86 II II 
A 
Ident i fy ing Peaks: 
The peak a t  m/e 75, appearing i n  large abundance (and pers ist ing up 
through 5W°C), ident i f ies  threonine. 
28* 
d. Sulfur-containing amino acids 
1 )  Cysteine: M.Wt. I 121: Recording Temperature - 69OC 
1 
Structure: 
Spectrum Analysis: 
S igni f icant  Peaks 
m/e 
121 
75 
$ Abundance 
o f  Base Peak 
4 
44 
23 
Structure o f  Code 
Fragment 
see above M 
29. 
Cysteine - contfnuod: 
a 
Spectrum Anal ys i s : 
Signi f icant  Peaks $ Abundance Structure o f  Code 
m/e o f  Base P e a k k  ,N Fragment c 
74 40 q - q; & X S  
59 21 9 ( fl-45 )-NH3 
n 
a x  B 
--f v 
A 
H-$-G+ 47 1 1  
34 3 M-b-Hcl f3 x y +  H 
33 3 n - f  
I dent i f y i  ng Peaks: 
The appearance of a peak a t  d e  76 indicates cysteine# and an m/e 76/94 
r a t i o  which i s  high w i l l  el iminate the p o s s i b i l i t y  o f  the d e  76 ar is ing  
from cystine (whoce 76/34 ra t io  i s  ion). 
30. . 
2) Cystine: M.Wt. = 240: Recording Temperature I 100°C 
LOO 
16 
B O  
40 
bcb 
50 
W 
30 
20 
10 
b 
Character ist ic  Peaks $ Abuncance Structure of  Code 
d e  o f  Base Peak ,, ,,, Fragment 
Y q  
76 4 
34 52 H -  5-n 
33 21 w -s+ 
32 33 S 
I dent i fy i ng Peaks : 
The appearance o f  both m/e 34 and 33 peaks o f  more than a few percent 
abundance i n  a r a t i o  o f  about two o r  three to one indlcates the presence 
of  cystine. 
. 31 
3) Methlonlne: W.Wt. = 149: Recording Temperature = 90°C 
I 
Sfgnlf icant  Peaks $ Abundance Structure o f  
m/e o f  Base Peak Fragment 
see above 149 
131 
116 
Code 
M 
I 
0 
M-H20 
(H-H20) -CH3 
Methionine - continued: 
Spectrum Analysis: 
S igni f icant  Peaks $ Abundance Structure o f  Code 
m/e 
104 
101 
75 
74 
6i 
56 
o f  Base Peak Fra ent  7 y p\w*n 
n t i  
8 
(M-45) -CH S-H 3 
Ident i fy ing Peaks: 
The d e  61 peak i s  unique t o  methionine. 
2. Ebnoamino-dicarboxyl i c  Acids 
a. Aspartic acid: M.Wt. m 133: Recording temperature I 16goC 
Spectrum Analysis: 
S i gn i f I cant Peaks $ Abundance 
m/e o f  Base Peak Fragment 
Structure o f  
98 9 See page 9. 
97 5 See page 9. 
54 37 See page 9. 
Code 
26 60 ' See page 9. 
.. 
.- 
e, 
C 
8 
34 
35 
I dent i f y  i ng Peaks: 
The presence o f  an m/e 54 o f  s i g n i f i c a n t  abundance indicates e i t h e r  
aspar t i c  a c i d  o r  asparagine. Aspart ic a c i d  may be d is t inguished from 
asparagine by an m/e p1/98 r a t l o  o f  less than u n i t y  and by the s t a b i l i t y  
o f  i t s  spectrum over a temperature range which Is higher than tha t  I n  
which asparagine is stable;  aspar t ic  ac id  may be observed from 150°C t o  
32OoC, but asparagine i s  stable on ly  from looo C to 150' C. 
36. 
b. Glutamic Acid: k W t .  I 147: Recording Temperature - 8loC 
8I  'c 
n."w 
Y 9  I 4 0  
C - f - Y - G - G  
No \ 
d' n n  I: \on Structure: 
Spectrum Analysis: 
S igni f icant  Peaks $ Abundance Structure o f  
m/e o f  Base Peak Fragment 
129 9 See page 37. 
84 88 See page 37. 
Code 
M- H20 
( M-H20) -45 
41 23 See page 37. 
Glutamic ac id  - conttnued: 
147 
I 
I den t i f y i ng  Peaks: 
The presence o f  a peak a t  m/e 84 I n  s ign i f i can t  abundance and i n  the 
temperature range o f  75OC to  82OC indicates the presence o f  glutamic 
acid: glutamine exh ib i ts  a strong peak a t  m/e 84 beginning only  a t  85OC 
and pers i s t i  ng u n t i  1 33OoC and i yslne on ly  i n  the range o f  1 10°C t o  63OoC. 
3. Diamino-monocarboxyl IC Acids 
a. Asparagine: M.Wt. = 132: 
Structure: 
Recording Temperature I 1 u 0 C  
-. 
Spectrum Analysis: 
S 1 g n i f i cant Peaks $ Abundance 
m/e o f  Base Peak 
98 7 
97 20 
54 
26 
38 
66 
17 100 
Structure o f  
Fragment 
C = C  w. 
I I  
d i  \e /= -OW 
See page 39. 
See page 39. 
+C E N 
"3 
Code 
3 
3 
M-2 x NH 
M-H20-NH 
+C E N 
NH Bpk. 3' 
Asparagine - continued: 
a # J  = C y J  
U W 
I den t i f y i ng  Peaks: 
The presence o f  an m/e 54 o f  s ign i f icant  abundance indicates e i the r  
asparagine o r  aspar t ic  acid. Asparagine may be dist inguished from 
aspar t i c  ac id  by an m/e 97/98 r a t i o  o f  greater than two and by the 
s t a b i l  I t y  o f  i t s  spectrum over a temperature range which i s  lower 
than tha t  i n  which aspa’rtic acid appears: 
from iOO°C to 146OC and aspart ic ac id  on ly  from 15OoC up t o  32O0C. 
asparagine may be observed 
40, 
L 
b. Glutamine: H.Ut. = 146: Recordlng Temperature = 94OC . 
Structure: 
Spectrum Anal ys 1 s : 
S 1 gn I f I cant Peaks 
m/e 
129 
i 
84 
56 
I. 
$ Abundance Structure o f  
o f  Base Peak 
" 
O H  
H N M  
100 See page 41 
13 See page 41 
Code 
M- NH3 
(M-NH 3 )-45, Bpk. 
See page 41. 
41. 
. 
G1 utami ne - cont I nued: 
\4 G
1 
$14 I 
56 
I d e n t i f y i n g  Peaks: - 
The presence o f  a peak a t  m/e 84 I n  s i g n i f i c a n t  abundance and i n  the 
temperature range o f  e0C t o  33OoC indicates the presence o f  glutamine: 
glutamic ac id  exh ib i t s  a strong peak a t  d e  84, but I n  the lower range 
o f  75OC t o  e 0 C ,  and l ys ine  has an m/e 84 peak from l l O ° C  t o  630'~. 
,. . 
42. 
c. Lysine (HCl) :  M-Wt. = 146: Recording Temperature = 4gOoc 
1 
Structure: 
146 
Spectrum Anal ys I s : 
Sign i f icant  Peaks 
m/e 
129 
84 
$ Abundance Structure o f  
o f  Base Peak Fragment 
1 See above 
Code 
H 
M-NH3 
( H-NH3) -45 
Lysine ( H C l )  - continued: 
Spectrum Ana 1 ys i s : 
S i gni f i cant Peaks 
m/e 
72 
56 
30 
$ Abundance Structure o f  Code 
o f  Base Peak F r aamen t 
I dent i f y i ng Peaks : 
A peak a t  m/e 72 o f  s ign i f i can t  abundance, a r i s i n g  a t  110°C and 
pers is t ing  to  63OoC indicates the presence o f  lysine: valine, which' 
has i t s  base peak a t  m/e 72, decomposes above about 82OC. 
d. Arginine: M.Wt. = 174 
, 
Spectrum Anal ys i s : H 
The spectrum o f  arginine-HC1 shows only decomposltion fragments a t  
low mass numbers. 
On 5-13-165 an attempt was made to obtain the mass spectrum o f  f ree  
arginine: th is  also was unsuccessful. 
There a r e  no ident l fy lng peaks. 
4. Secondary Amino Acids 
a. Proline: M.Wt. I 115: Recording Temperature - 96OC 
Sa -k iQ I 
Structure: 
L-J 4 
Spectrum Anal ys i s :  
S igni f icant  Peaks Abundance 
m/e o f  Base Peak 
115 1 
1 
Structure o f  
Fragment 
See above 
Code 
M 
. .  
46. 
Pro1 !ne - continued: 
f 
Spectrum Analysis: 
S igni f icant  Peaks 
m/e 
70 
43 
42 
41 
$ Abundance Structure o f  
o f  Base 
1 00 
37 
1 1  
34 
Peak Fraqment 
a 
Code 
M-45, Bpk. 
I dent i f y  i ng Peaks : 
A peak o f  s ign i f icant  abundance a t  m/e 70 i n  the temperature range 
92OC to 96OC indicates proline. 
b. Hydroxyproline: M.Wt. = 131: Recordi 
lli ao 
Structure: 
Spectrum Ana 1 ys i s : 
Signi f ic3nt  Peaks 
m/e 
87 
86 
69 
47. 
Temperature .I 179OC 
L O 6  
90 
Yo 
70 
iQ  
50 
40 
30 
20 
IO 
3 
46 Abundance Structure o f  Code 
o f  Base Peak Fragment 
18 (M-45!  + H 
H e H  
M-45, Bpk. I 1 .  1 00 UQ' 
H 
48. 
Hydroxyprol ine - continued: 
Spectrum Anal ys i s  : 
43 
42 
S i g n i f i c a n t  Peaks $ Abundance Structure o f  Code 
m/e o f  Base Peak Fragment 
68 48 (M-45) -H20 
u. A 4 c-c., 
39 "\ / Y+ 
41 
I dent i f y  i ng Peaks : 
A peak appearing i n  s i g n i f i c a n t  abundance a t  m/e 86 i n  the temperature 
range o f  1 S o C  t o  179'C indicates hydroxyprol ine: 
i so leuc ine  have prominent m/e 86 peaks, but  ne i ther  i s  s tab le  above 100°C. 
both leuc ine and 
49. 
V 
'8 
L n  
i 
al 
0. 
E 
al 
t- 
ul 
C 
v u  .- L .- 
I 
e 
9 
.. 
'0 
al 
3 
C .- 
4J 
C 
8 
L 
I 
Q) 
C .- 
U 
Y 
VI 
I 
.- 
.- 
I' 
n, .H 
H Y  e H i s t i d i n e  - continued: \ H-C = C-C- C-C 
*.on 
Structure: I \ ; I !  
N ae0"e I 
Spectrum Ana 1 y s  i s : 
Signi f icant  Peaks $ Abundance Structure o f  Code , 
?i 
m/e of Base Peak 
w-c = c-c-c+ 
t \ 
110 8 N.,c,% M-45 
tl 7 
u -e = c - c - n t  
82 42 \ 7 x e + H  
M* ,N\n F P n 
n - c r  e-$+ 
81 26 I l N  7 x e  
%c,h n
68 
h 
Ident i fy ing Peaks: 
The appearance o f  a peak o f  signif icant  abundance a t  m/e 82 and 
another a t  m/e 110, wi th  a r a t i o  o f  m/e 82/110 o f  about 5 i n  the temperature 
range of 477OC to  500 C indicates the presence of hist idine.  0 
52. 
I 
6. $-amino butyr ic acid: M.Wt. = 103: Recording Temperature = l 0 8 O C  
w, V Y Y  0 0  
n' J d i  Structure: N - c - C - c 
Spectrum Analysis: 
S i gn i f i cant Peaks $ Abundance Structure o f  Code 
m/e o f  Base Peak Fragment 
103 2 See above M 
85 
56 
30 (H-H20) Sxk, Bpk. 
. 
8 
-ami no butyr ic  - continued: 
Ident i fy ing Peaks: 
The presence o f  a peak i n  signif icant  abundance a t  m/e 30, appearing 
between 100°C and 1 q 0 C  indicates the presence ofk-arninobutyric acid. 
54 
V. A Schema f o r  the I d e n t i f i c a t i o n  o f  the Members o f  a Mix ture o f  Free 
Amino Acids 
It i s  proposed that, from the informat ion on the mass spectra o f  s i n g l e  
f r e e  amino acids discussed i n  sect ion IV, B, i t  should be poss ib le  t o  
i d e n t i f y  the members o f  a mixture o f  f r e e  amino acids. 
i d e n t i f y i n g  m/e peaks as we l l  as the apparent ly d i sc re te  temperature 
ranges over which they e x i s t  as molecular gases, any o f  the twenty-two 
amino acids invest igated should be e a s i l y  detected. 
By u t i l i z i n g  the 
Because none o f  the experiments i n  t h i s  ser ies was performed w i t h  mix- 
tures o f  f ree  amino acids, i t  i s  impossible t o  s t a t e  tha t  the schema i s  
a c t u a l l y  sound. The p o s s i b i l i t y  cannot be ignored tha t  molecular i n t e r -  
ac t i on  among d i s s i m i l a r  f ree  amino acids may occur when they are  placed 
i n  the vacuum e x i s t i n g  a t  the mass spectrometer's source region and the 
temperature i s  then incremental ly elevated: t h i s  might we l l  make i t  
d i f f i c u l t ,  i f  not impossible, to ob ta in  cor rec t  in format ion about the 
o r i g i n a l  mixture. (See Section I, B) 
The fo l low ing  tab le  l i s t s  the i den t i f y i ng  peaks and the temperature 
ranges a t  which ind iv idua l  amino acids may be detected. 
Y 
GO 
GI 
10 
72 - a d  
75 
31 
33 
34 
44 
54 
GO 
86 
07 
97 
98 
t 
r 
L 
V I. Concl us ions 
1 
From the work included i n  t h i s  report i t  seems c e r t a i n  tha t  s ing le  
free amino acids may be i den t i f i ed  by t h e i r  cha rac te r i s t i c  mass spectra. 
Although a number o f  experiments have been repeated on p a r t i c u l a r  amino 
acids, there have not been mul t ip le  runs on a l l  o f  them. Where repeat 
experiments have been performed, the q u a l i t a t i v e  agreement has been very 
good. 
mation i n  t h i s  ser ies o f  experiments, no fu r ther  statement may be made 
than tha t  mi l l ig ram quant i t ies  o f  sample (calculated from s o l i d  volume) 
have been s u f f i c i e n t  t o  maintain sample gases f o r  periods from twenty 
minutes t o  three hours: a spectrum may be recorded on f i l m  i n  a f r a c t i o n  
o f  a second: i n  the L l N C  computer i n  f i f t y  seconds or less; and on a 
s t r i p  char t  recorder i n  f i v e  minutes o r  less. 
Because no attempt has been made t o  ob ta in  quan t i t a t i ve  i n fo r -  
The agreement between t h i s  work and the published work Is very close, 
where experimental condi t ions are s imi lar .  
The work o f  Junk and Svec (see Section I. B) on 1 imi ted mixtures o f  
f ree  amino acids suggests tha t  the scheme proposed here fo r  complete 
mixtures might wel l  be sound. 
c 
C 
